Introduction {#s0005}
============

Assigning functions to viral genes is achieved either with biochemical approaches or with the following classic genetic approaches: forward genetics in which genomes of viral strains and mutants exhibiting contrasting phenotypes are compared, and reverse genetics in which phenotypes induced by mutagenesis or homologous recombination of a particular gene are compared. Although these approaches have provided valuable information for many viruses ([@bib1], [@bib2]), they may be limited by the absence of prior knowledge of suspected regions or for virus traits determined by several loci or genes with possible epistasis. An illustration of such largely unknown multi-loci genetic determinism in viruses was recently provided with a genome-wide association approach and a variety of permutation tests which revealed that intra-genome interaction networks are broadly preserved by selection ([@bib3]).

The genetic determinism of complex traits has been investigated for eukaryotes using various molecular approaches. Complex genetic determinism of a trait is generally identified with molecular markers associated at different degrees with the variation of the trait; the loci involved in such a determinism were named quantitative trait loci (QTL) ([@bib4], [@bib5], [@bib6], [@bib7]). Typically, QTL analysis is based on the measure of a phenotypic trait of the parents and their recombinant progeny and provides a direct correlation between a genomic region and a phenotypic trait. Alternatively, the measure of the fixation index (*F* ~ST~), commonly used in population genetics to assess how populations differ genetically within and between populations ([@bib8], [@bib9]), may also be used for this purpose through computing one *F* ~ST~ value per locus. It is based on the variance of allele frequency between populations, and is usually estimated for population with diploid genomes. However, as described in *Material and Methods*, it is possible to implement *F* ~*ST*~ analysis to virus genomes which are mostly haploid.

Unfortunately, as QTL approaches need recombinant progenies derived from sexual crossings, they have so far not been used for viruses because of their clonal multiplication. However, as viruses of some genera or families are highly recombinogenic, it can be foreseen that such approaches can be extended to determine the complex genetic determinisms of some traits. For these viruses, recombinant genomes could be straightforwardly generated *in vivo* by co-infecting two parental clones to a host, but natural recombination breakpoints are non-random due to intrinsic molecular properties of the recombination mechanism and to within-plant selection. Alternatively, the required library of full-length hybrid genomes can be generated *in vitro* ([@bib10], [@bib11]) or by shuffling ([@bib12]). Due to the small size of most viral genomes, single nucleotide polymorphisms (SNPs) can be used as the most accurate molecular marker for genotyping the parental and the recombinant viral genomes at all the nucleotide positions that discriminate the parental genomes. The different recombinant genomes can be screened for infectivity and various traits following their inoculation to a host. The data collected from the progeny should fulfill the following conditions required by the QTL and *F* ~ST~ approaches: (i) the parental genomes are differentiated using discriminating loci as the single-nucleotide polymorphisms (SNP) and the SNP of each recombinant can be assigned to one of the two parents and (ii) the genetic distance between the SNPs is known. Especially for QTL analysis, the two parents can be distinguished by a phenotypic trait which segregates in the recombinant progeny while, for *F* ~ST~ analysis, the phenotypic trait has a multinomial distribution to compare the pseudo-populations.

In this study, we demonstrate for the first time that molecular methods developed and used in eukaryotes (*i.e*. locus-by-locus *F* ~ST~ and QTL mapping) for analyzing genetic determinism can be used in virology. We took advantage of the first virus library of full-length recombinant genomes ever generated *ex vivo* with DNA shuffling ([@bib12]). Although this study has shown that random recombination rarely has lethal and/or large deleterious effects according to infectivity and within-host viral DNA accumulation, the genetic determinism of these traits had not been analyzed. The two shuffled parental viruses are from the genus *Begomovirus* (family *Geminiviridae*). They have single-stranded DNA genomes of 2.8 kb with six genes including *Rep*/C1encoding for the Rep protein, the only viral protein necessary for replicating the viral genome ([@bib13], [@bib14], [@bib15], [@bib16]). The C4 gene, embedded in C1, encodes for a multifunctional protein involved in virus movement ([@bib17], [@bib18]) and gene silencing ([@bib19]), functions which could impact directly or indirectly on intra-host viral accumulation. The intergenic region (IR) contains the origin of replication and typical sequence motifs involved in replication. The [@bib12] data sets were found to fulfill the conditions required by the QTL and/or *F* ~ST~ approaches.

We show here with *F* ~ST~ index and QTL mapping, that early infectivity and viral accumulation of begomovirus recombinant genomes within tomato plants is determined by the loci located at the 5׳ end of *Rep*/C1 gene and in the 5׳ end of the IR. The positions of these loci were consistent with the genomic regions previously reported to be important for the initiation of infection and for viral replication and accumulation, which validates the use of the *F* ~ST~ index and QTL analysis to characterize the genetic determinism of viral traits.

Results {#s0010}
=======

In a previous study, 47 randomly chosen recombinants were generated between *Tomato yellow leaf curl virus* (TYLCV-Mld) and *Tomato leaf curl Mayotte virus* (ToLCKMV-\[Dem\]) designated Tyx and Tox respectively. The parental genomes could be differentiated by 534 loci (SNPs) disseminated along the genome and all the recombinants were assignable to one of the two parental genomes at each locus (see [Additional file 1](#s0085)). The within-host accumulation of Tyx in tomato at 22 days post inoculation (dpi) was significantly higher than that of Tox genome ([Fig. 3](#f0015){ref-type="fig"} in ([@bib12])) and the distribution of the effect of recombination on virus accumulation was bimodal, with each mode centered on one parental phenotype ([Fig. 4](#f0020){ref-type="fig"} in ([@bib12])). Likewise, the percentage of PCR-positive plants at 15 dpi, a proxy of the speed at which viral DNA accumulates at the onset of the infection, was significantly higher for Tyx than for Tox ([Fig. 2](#f0010){ref-type="fig"}A in ([@bib12])). Therefore, the data sets fulfilled the conditions required for the QTL and/or *F* ~ST~ approaches.

Identification of viral genomic determinants involved in within-host accumulation by an *F*~*ST*~ approach {#s0015}
----------------------------------------------------------------------------------------------------------

In comparison with the parental genomes, three accumulation groups were distinguished within the recombinant genomes: 10 recombinants accumulated significantly less than Tyx and not significantly differently from Tox (named Tox-type), 11 accumulated significantly more than Tox and not significantly differently from Tyx (named Tyx-type) and 26 were not significantly different from any parent (intermediate between Tyx and Tox) ([Fig. 3](#f0015){ref-type="fig"} in ([@bib12])). The locus-by-locus *F* ~ST~ approach was used to detect the potential genomic regions that determine the difference in accumulation of the genomes belonging to the Tyx-type or Tox-type groups. The *F* ~ST~ calculated at each of the 534 genomic Tyx/Tox discriminating loci revealed that 166 had a value of 1 (*i.e*. 100% difference between the two groups, locus-by-locus AMOVA, *P*\<0.0001). They were all located between positions 2223 and 2761 (positions determined from the alignment of parental and recombinant genomes; the origin of replication was taken as position 1 ( [Fig. 1](#f0005){ref-type="fig"}). The 11 recombinant genomes belonging to the Tyx-type accumulation group (SH-9, -9A, -24, -29, -31, -36, -39, -46, -96, -98 and -109) exhibited the Tyx allele at these 166 loci ([Additional file 2](#s0085)). On the contrary, the 10 recombinant genomes belonging to the Tox-type accumulation group (SH-7, -15, -26, -40, -48, -72, -74, -82, -93 and -103) exhibited the Tox allele at these 166 loci ([Additional file 2](#s0085)). The 166 loci were located within the 384 5′-end nucleotides of the C1 gene (88 loci) and the 149 nucleotides of the intergenic region located upstream C1 (78 loci). It is noteworthy that the C4 gene, embedded in the C1 gene, includes 41 of the 166 discriminating loci.Fig. 1Locus-by-locus *F*~*ST*~ between two groups of *begomovirus* recombinant genomes. The two groups differ in their within-host viral DNA accumulation, which is either similar to the Tyx or Tox parent. Each point corresponds to the *F*~ST~ per locus. A viral genome linearized at the virion strand origin of replication is presented with the open reading frames (horizontal arrows) and the intergenic region (IR) at the top of the graph.

In order to validate the identified region on an independent set of genomes, the 26 recombinant genomes belonging to the intermediate accumulation group were separated in two genetic sub-groups according to the Tyx or Tox origin of their alleles at the 166 loci identified above. Six recombinant genomes (SH-1, -2, -3, -55, -75, and -97) exhibited 100% Tyx alleles at the 166 loci, whereas 18 recombinant genomes (SH-5, -5A, -10, -13, -32, -34, -41, -56, -59, -63, -71, -88, -90, -95, -100, -101, -104 and -108) exhibited 100% Tox alleles ([Additional file 2](#s0085)); as recombinant genomes SH-64 and SH-54 exhibited mixed allele types, they were subsequently excluded from *F* ~*ST*~ analysis. A hierarchical ANOVA was applied to the accumulation data of the two genetic sub-groups to test the biological effect of the 166-loci region on viral accumulation. The biological effect of this 166-loci region was confirmed because the viral accumulation of the recombinants with 100% Tyx alleles in this region was significantly higher than that of the recombinants with 100% Tox alleles (Tyx-type *vs.* Tox-type group; hierarchical ANOVA; mean±se −0.67±0.048 *vs.* −0.90±0.034, respectively; *df*=1, *F*=15.74, *P*\<0.0001; [Fig. 2](#f0010){ref-type="fig"}). Analysis of the mean accumulation of the two recombinant genomes which exhibited recombination breakpoints in this 166-loci region showed that SH-64, which has a Tyx sequence only between positions 2223 and 2237, would be classified between SH-104 and SH-95 of the Tox group (mean±se −1.05±0.42), while SH-54 which has a Tyx sequence only between positions 2702 and 2761 would be classified between SH-1 and SH-97 of the Tyx group (−0.51±0.22). This result suggests that the determinant region could be shorter than the one including the 166 loci and, more specifically, that the major determinant of virus accumulation might be located between positions 2702 and 2761.Fig. 2Relative within-host viral accumulation of 26 recombinant genomes belonging to the intermediate accumulation group. Accumulation was assessed in tomato plants 22 days post-inoculation. Each box represents the quartile range (25--75%) and the median accumulation for each isolate. Recombinant genomes were distinguished according to the Tyx origin (gray boxes) or Tox origin (white boxes) of the fragment located between positions 2222--2761 of the parental genomes alignment. Red and blue lines correspond to the mean viral accumulation for Tyx and Tox groups, respectively. Dashed lines correspond to the standard deviation of each group. The recombinant genomes are ordered from left to right by increasing mean accumulation.

As some of the nucleotide differences at the 166 discriminating loci corresponded to non-synonymous mutations in the C1 and C4 gene, an *F* ~ST~ was estimated for the amino acid sequences of C1 and C4 protein of the two groups of accumulation ( [Fig. 3](#f0015){ref-type="fig"}); the intermediate recombinant genomes were included in this analysis except SH-64 and SH-54 which exhibited recombination breaks in this region. Consistently with the *F* ~ST~ calculated with the polymorphic nucleotide loci, an *F* ~ST~ of 1 was only detected at the amino acid loci included in the region of the 166 polymorphic nucleotide loci.Fig. 3Locus-by-locus *F*~ST~ between two groups of *begomovirus* recombinant genomes for the Rep and C4 proteins. The two groups differ in their within-host viral DNA accumulation, which is either similar to the Tyx or Tox parent. Each point corresponds to the *F*~ST~ per locus.

Identification of viral genomic determinants involved in within‐host accumulation and early infectivity by QTL approaches {#s0020}
-------------------------------------------------------------------------------------------------------------------------

The data set previously generated with the 47 recombinant genomes ([@bib12]) was submitted to QTL analysis to detect the loci involved in within-host accumulation and early infectivity. The quantitative traits were the relative viral DNA accumulation at 22 dpi previously determined by qPCR and the percentage of PCR-positive plants at 15 dpi. For virus accumulation, the analyses were performed in parallel with the medians and the averages of the logarithm of the calibrated Normalized Relative Quantity (logNRQ) calculated for each recombinant genome ([@bib12]). The 534 Tyx/Tox-discriminating loci distributed throughout the genomes were targeted. A LOD score (logarithm of odds score) was calculated at each locus and plotted all along the viral genome ( [Fig. 4](#f0020){ref-type="fig"} and [Additional file 3](#s0085)); the LOD score is related to the probability that a QTL is present at the tested locus. Four different analytical approaches of QTL analysis were used: simple interval mapping (SIM), single-trait MLE (CIM-MLE), and single-trait multiple IM (MIM) consider the genetic distance between the markers, and single marker regression (SMR) which does not. According to the threshold significance level performed by permutation test for SMR, SIM and MLE methods ([Additional file 4](#s0085)), only the markers located between positions 2066 and 2761 can explain the difference of accumulation between the low and high virus accumulation groups of recombinant genomes ([Fig. 4](#f0020){ref-type="fig"}, [Table 1](#t0005){ref-type="table"}, [Additional file 3 and 5](#s0085)). Some loci explained 19--25% of the difference of accumulation while others explained more than 60% of it. The MIM method detected only 8 loci explaining the difference. Three of these (loci 2721, 2723 and 2725) explained 77.3% of the viral accumulation (see *R*² in [Table 1](#t0005){ref-type="table"} and [Additional file 5](#s0085)), were also detected with both the averages and the medians of log NRQ and were included in the region containing the loci for which an *F* ~ST~ of 1 was detected between low and high viral accumulation groups of recombinant genomes (positions 2223--2761).Fig. 4LOD score distribution on *begomovirus* genome for the viral accumulation using the single-marker regression method. Black and dashed lines correspond to significance thresholds based on 5000 permutations at *P*=0.05 (solid line) and *P*=0.01 (dashed line), respectively. A viral genome linearized at the virion strand origin of replication is presented with the open reading frames (horizontal arrows) and the intergenic region (IR) at the top of the graph.Table 1Genomic regions involved in the viral accumulation of two begomoviruses using four different QTL methods.MethodsGenomic region position in the alignment of TYX and TOX genomes*R*²Single marker regression (SMR)2127--218930.1**%2223--276153.6--68.6%**Simple interval mapping (SIM)2094--222126.8--52.8**%2223--255753.6--68.6%**Single-trait MLE2087--222128.6--54.0**%2223--275953.6--68.6%**Single-trait multiple IM (MIM)**2721--272577.3%**[^1]

The distribution of the effect of recombination on early infectivity did not show a bimodal distribution ([Additional file 6A](#s0085)), in spite of a significant positive correlation between early infectivity and viral accumulation at 22 dpi (*n*=47, Pearson correlation coefficient *r*=0.58, *P*\<0.0001; [Additional file 6B](#s0085)). Therefore only QTL methods could be applied to this data set. According to the threshold significance level obtained by permutation tests (LOD=2.953 at *P*=0.01, based on 5000 permutations), only the markers located between positions 2223 and 2761 were detected to be involved in early infectivity with the SMR QTL method ([Additional file 6C](#s0085)). The same result was obtained when the SIM method was used (data not shown). The different positions explained between 35.8% and 41.6% of the variance of early infectivity ([Additional file 6D](#s0085)). Thus, the same loci explain the early infectivity and the DNA accumulation at 22 dpi.

Discussion {#s0025}
==========

*F*~*ST*~ and QTL approaches identify the same viral region involved in within-host accumulation {#s0030}
------------------------------------------------------------------------------------------------

*F* ~ST~ and QTL analysis, a qualitative and quantitative approach respectively, were used to identify genetic determinants implicated in within-host viral DNA accumulation of tomato begomoviruses. The viral accumulation data set obtained by [@bib12] for two parental and 47 recombinant genomes fulfilled all the conditions for the implementation of these methods. Both approaches revealed that DNA markers located between nucleotides 2223 and 2761 of the viral genomes were involved in within-host accumulation ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}, [Table 1](#t0005){ref-type="table"}, [Additional files 3 and 5](#s0085)). Early infectivity was showed to be positively correlated with viral accumulation; using the SMR QTL method, the same genomic region was detected to be a genetic determinant of this trait ([Additional file 6C](#s0085)). This region encompasses the 5׳ end of the IR located upstream of the C1 gene and the 5׳ end of the C1 gene which overlaps the two thirds of the C4 gene. This genomic region was previously reported to determine the viral replication of begomoviruses ([@bib14]).

The QTL detection methods were developed many years ago ([@bib20]). Most studies dealing with QTLs have focused on plant species with agronomical interest to develop genomic selection programs to improve crop yield and disease resistance ([@bib21]) and on humans for identification of genes underlying diseases (*e.g.* [@bib22]), but some researchers have also used this method to deal with questions about evolutionary biology and ecology ([@bib23], [@bib24], [@bib25]). In our study, we have demonstrated that QTL approaches could also be extended to viruses to identify genetic determinants of viral traits like within-host accumulation and early infectivity. In the literature, the theory and computer simulations argue for a large population size, at least several hundred, to correctly identify QTLs ([@bib26], [@bib27]). In practical, proper QTL analyses were performed with 200 and 300 plant progenies (*e.g*. [@bib28], [@bib29]). In this study, QTLs of viral accumulation and infectivity were detected with only 47 artificial recombinant genomes of begomoviruses at a 500 bp resolution that plant breeders would envy. Similarly, we show that locus-by-locus *F* ~*ST*~ analysis can be extended to a virus model and can help for the identification of genetic determinants of viral traits such as within-host accumulation.

The same genetic determinants were detected by *F* ~*ST*~ and three QTL methods when *R* ^2^ values (*i.e*. proportion of phenotypic variation explained by the QTL marker) above 50% were considered ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}, [Table 1](#t0005){ref-type="table"}, [Additional files 3a, 3b and 5](#s0085)). The consistency between the two approaches indicates that the use of base pair distances between loci instead of the generally used cM distance (*e.g.* distances in Qgene; ([@bib30])), did not hamper the relevance of the analyses. Such a result was not unexpected as cM unit is positively correlated to base pair. The broad 2223--2761 region which was inferred from both approaches to be associated with the measured traits might be potentially shorter. Indeed, the inclusion in the data set of two recombinant genomes (SH-54 and SH-64) which exhibit a mixed origin in this region has obviously pointed towards a shorter region beyond the 2700 nt position. This is consistent with the results obtained with the single-trait multiple interval mapping analysis (MIM, [Table 1](#t0005){ref-type="table"}, [Additional files 3c and 4d](#s0085)) and the higher *R*² values for nucleotide positions after nt 2700 with the 3 other QTL analyses ([Table 1](#t0005){ref-type="table"} and [Additional file 5](#s0085)). The capacity of MIM model to use multiple marker intervals simultaneously to construct multiple putative QTL ([@bib31]) explains the restriction of loci between 2721 and 2725. The fact that we identified the same genomic region already known to determine the replication of geminivirus genome strongly supports the interest of *F* ~*ST*~ and QTL approaches in the identification of genomic regions influencing quantitative traits.

The DNA accumulation of the recombinant genomes exhibited a bimodal distribution which was supposed to be conducive for identifying the underlying genetic determinants through *F* ~ST~ and QTL methods (See [Fig. 4](#f0020){ref-type="fig"}B in [@bib12]). Although early infectivity and viral accumulation traits were positively correlated to each other ([Additional file 6C](#s0085)), the data set for early infectivity did not exhibit a clear bimodal distribution, suggesting that the genetic determinism of this trait could be more complex. However, the QTL method allowed identifying genetic determinants of this trait ([Additional file 6C](#s0085)), confirming the robustness of these approaches and their potential to identify traits with a more complex genetic determinism.

The QTL region encompasses the viral Rep,C4 and the 5׳ end of the intergenic region {#s0035}
-----------------------------------------------------------------------------------

Contribution of individual QTLs (*i.e*. each polymorphic locus) to total phenotypic variation for viral accumulation ranged from 19.7% to 68.6% (with single-marker regression method; [Table 1](#t0005){ref-type="table"} and [Additional file 5](#s0085)) in the last third of the TYLCV-Mld×ToLCKMV-\[Dem\] recombinant genomes (positions 1861--2761). The loci detected to be associated to virus accumulation by both *F* ~ST~ and QTL approaches were located in two overlapping genes coding for *Rep*/C1 and C4 proteins and the 5׳ end of the IR and contribute from 53.6% to 68.6% variation in within-host accumulation (significant LOD score, [Fig. 1](#f0005){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}, [Table 1](#t0005){ref-type="table"} and [Additional file 5](#s0085)). It was not unexpected to detect major SNP loci with *R* ^2^ above 50% in this region because *Rep* gene and IR were both reported to be major determinants of *Begomovirus* replication cycle (see review [@bib13]) and conserved functional motifs had been identified in both of them ([Additional file 7](#s0085)). Two different DNA elements in the IR are functional targets of peptide motifs of the Rep: (i) a tandemly repeated motif located at variable distances from the conserved hairpin (iteron), which is bound specifically by the iteron-related domain (IRD) of its cognate Rep and functions as a major recognition element of the replication origin in *begomoviruses* and *curtoviruses* ([@bib32], [@bib33], [@bib34]) and (ii) the nonameric motif 5׳-TAATATT↓AC-3׳, invariably located at the loop of a conserved "hairpin" element, where Rep introduces a site-specific nick (↓) to initiate virus replication *via* a rolling circle mechanism ([@bib35], [@bib36]). TYLCV-Mld and ToLCKMV-\[Dem\] differ in the sequences of the iterons, the IRD ([Additional file 7](#s0085)) and RCR2, RCR3 and GRS motifs in Rep. However, the 3D protein structures of this region for TYLCV-Mld and ToLCKMV-\[Dem\] predicted by i-TASSER protein prediction (<http://zhanglab.ccmb.med.umich.edu/I-TASSER/>) are typically that of the Rep of *begomovirus* (N-terminal domain of the *Tomato yellow leaf curl Sardinia virus* Rep, PDB database ID 1L5I, DOI:10.2210/pdb1l5i/pdb), principally the location of the three motifs (([@bib37]; [@bib38]); [Additional file 7b](#s0085)). According to the close correlation reported between the sequence of IRD and that of cognate iterons in geminiviruses ([@bib39]), it is predicted that TYLCV/ToLCV recombinant genomes which would present an heterologous association of these sequences would not replicate ([@bib35]). All the recombinant genomes tested in this study have iteron, IRD and all the motifs involved in viral replication coming from the same parental genome (either Tyx or Tox), allowing the specific function of Rep. Therefore, although our results suggest that the entire region is responsible of the level of within-host viral accumulation, it could be one or some of the motifs present in the 128N-terminal amino acids of Rep or the IRD which determine the viral accumulation trait ([Additional file 7b](#s0085)). In addition to the iterons and the nonameric motif, the 5׳ side of the IR contains the promoter region of all the complementary-sense genes *Rep*/C1 gene, Transcriptional activator protein *TrAP*/C2 gene and replication enhancer gene *REn*/C3, which indirectly influence the viral accumulation. The generation of other recombinant genomes harboring recombination events within the QTL region detected here to be important for virus accumulation may permit to determine the relative importance of reported IR and Rep motifs and possibly detect new ones.

Our results suggest that the C-terminal amino acids of Rep did not significantly explain viral accumulation ([Fig. 3](#f0015){ref-type="fig"}a). This is consistent with the current knowledge that this region which confers oligomerisation activity, interaction with transcriptional activator protein (*TrAP*) and ATP hydrolysis ([@bib14], [@bib40]) does not affect viral accumulation. Since ORF C4 is embedded in the Rep/C1 ORF, our results cannot conclude on its specific involvement in within-host accumulation ([Figs. 1](#f0005){ref-type="fig"} and [3](#f0015){ref-type="fig"}b). However, as the C4 multifunctional protein is involved in symptom determination ([@bib19], [@bib41]), virus movement ([@bib17], [@bib18]) and gene silencing ([@bib19]), it may indirectly impact viral accumulation.

Geminiviruses need to interact efficiently with their host from which they rely for replication and transcription because their small genome does not encode any polymerase. Thus, it cannot be excluded that the QTL profile for a particular trait is potentially host dependant. However, the genomic region involved in viral accumulation in tomato plants was the same in this study and in previous studies conducted with different *begomoviruses* and different host plants ([@bib42], [@bib43]).

Extension of the QTL and *F*~*ST*~ approaches to viruses {#s0040}
--------------------------------------------------------

The approaches reported here rely on a library of recombinants. When viruses are prone to recombination as *Begomovirus* ([@bib3], [@bib44]), *Caulimovirus* ([@bib45]) or *Coronavirus* ([@bib46]), a library can be generated in a host co-infected with representatives of two parental species or strains. As selection and genetic drift may reduce the diversity of recombinant genomes, it may be recommended to isolate recombinant genomes as soon as possible after co-infection; for begomoviruses it was reported that 50% of the genomes were recombinant from 120 days post inoculation ([@bib3], [@bib44], [@bib47]). An early isolation of the recombinant genomes may also limit the frequency of random mutations. Indeed, although QTL approaches are powerful, they cannot be used if recombinant genomes present mutations which cannot be assigned to any of the parental genome. For viral genera which are not prone to recombination, representative parental genomes may be shuffled *in vitro* as reported for begomoviruses ([@bib13]). Alternatively, genome-wide association studies may be used on natural viral populations from which numerous and diverse genomes may be isolated, sequenced and associated to contrasted phenotypes.

In addition to viral accumulation and early infectivity, other quantitative traits such as vector transmission efficiency or virulence may be studied. Transmission efficiency might be very informative because it is expected to be determined by at least two genes: the coat protein gene, which is the determinant of transmission ([@bib48], [@bib49]), and the Rep gene, which is the determinant of viral accumulation (which in turn determines virus availability) ([@bib50]).

Conclusions {#s0045}
===========

Using a library of recombinant viral genomes previously generated *in vitro* between two begomoviruses and the data set of their within-host accumulation, a genomic region determining this trait was identified with locus-by-locus *F* ~ST~ and QTL mapping. The relevance of this approach was confirmed by the fact that both *F* ~ST~ and QTL mapping pointed to the same genomic region and, most importantly, that common virological approaches previously identified this region as being involved in viral replication. This study provides evidence that it is possible to extend QTL and population genetics tools to virology for the identification of genetic determinants governing phenotypic traits. Using a second data set related to early infectivity, we validated the robustness of these methods by detecting a significant QTL region. Moreover, the *F* ~ST~ method can be efficiently extended to qualitative viral data for the mapping of genetic determinants. The major limitation will be the size of the recombinant library, the preparation of infectious clones and the phenotyping throughput. Depending on these constraints, viruses may be more or less amenable to these new approaches.

Materials and methods {#s0050}
=====================

Within-host viral accumulation data set from parental and recombinant viral genomes {#s0055}
-----------------------------------------------------------------------------------

The parental begomoviruses, *Tomato yellow leaf curl virus* (TYLCV-Mld, accession no. AJ865337 here referred to as Tyx) and *Tomato leaf curl Mayotte virus* (ToLCKMV-\[Dem\] accession no. AJ865341, here referred to as Tox) ([@bib51]), were both used previously to generate a series of recombinant genomes *in vitro* by DNA shuffling (European Patent 1104457, US Patent 6951719; Proteus, Nîmes, France). Multiple genome alignment using Clustal ω version 2.0 (([@bib52]); <http://www.ebi.ac.uk/Tools/clustalw2/>) and whole genomes of recombinant clones are presented in [Additional file 8](#s0085). Agroinfectious clones were obtained for these 47 distinct recombinant clones and were tested for their within-host viral accumulation in tomato plants at 22 dpi. The logarithm of the calibrated Normalized Relative Quantity (logNRQ) reflecting the within-host accumulation of the virus were obtained from real-time PCR assays. The average and median of the log-transformed data presented in ([@bib12]) were used in this study. In addition, the efficiency of the 47 clones to reach a detectable viral DNA accumulation after inoculation was measured by the percentage of PCR-positive plants at 15 dpi which is here referred to as early infectivity (13).

*F*~ST~ analysis {#s0060}
----------------

Genetic differentiation between the genomes of the Tyx-type and Tox-type accumulation groups was assessed with the fixation index *F* ~*ST*~ ([@bib53]) using the analysis of molecular variance (AMOVA) procedure implemented in the Arlequin 3.0 software ([@bib54]). A locus-by-locus AMOVA was used to detect significant differentiation in allele frequencies among the two groups. Analyses were performed on the whole recombinant genomes previously aligned by the program Clustalω2. The software was not designed for haploid organisms like viruses. We thus used the classical approach for such organisms: each sequence was coded as doubled haploid (*i.e. A*=1 1, *T*=2 2, *G*=3 3, *C*=4 4 and deletion=5 5), and the heterozygosity of a group of recombinants was calculated at each polymorphic locus by multiplying the frequency of both parental alleles supposing a theoretical Hardy-Weinberg equilibrium. *F* ~ST~ and F-statistics were estimated for each locus of the alignment separately. A locus with an *F* ~ST~ equal to 0 shows no genetic difference between the two groups of recombinants while *F* ~ST~ equal to 1 shows a 100% difference between the two accumulation groups. A locus with an *F* ~ST~ different from 0 was considered as a polymorphic locus in this study. A negative *F* ~ST~ reflects the fact that more variance exists within than across the two groups of recombinant genomes ([@bib54]). The same procedure was performed on the amino acid sequence of Rep and C4 proteins. The coding of amino acids is presented in [Additional file 9](#s0085).

QTL analysis {#s0065}
------------

We used four different analytical approaches implemented in Qgene 3.06 ([@bib30]): single marker regression (SMR), simple interval mapping (SIM), Single-trait MLE (CIM-MLE), and single-trait multiple IM (MIM) methods. Recombinant sequences were also coded as doubled haploids: for each of the 534 polymorphic loci, the alleles were coded as either Tyx or Tox depending on the genome they derived from ([Additional file 10](#s0085)). The allelic frequency per locus was of 30--62% for Tyx alleles and 38--70% for Tox alleles ([Additional file 10](#s0085)). Thus, the genomic data set met the condition of relatively balanced frequency of each polymorphic site, and all of them were conserved in the compared recombinants. The genetic linkage distances used by QTL software are expressed in centimorgan (cM). However, as viruses have small genomes that enable obtaining full genome sequences for many individuals, physical distances were directly expressed in base pairs (bp) units. QTL that were significant in at least three approaches with *P*\<0.01 were reported as a putative QTL for the within-host viral accumulation trait. R² represents the proportion of phenotypic variation explained by the QTL marker ([@bib55]).

For early infectivity (percentage of PCR-positive plants at 15 dpi), a generalized linear model (GLM) was used with a binomial distribution and Firth׳s bias-adjusted estimates. The LOD score from the single marker regression QTL mapping method was calculated at each locus and plotted all along the viral genome. Only the markers with a LOD score above the threshold significance level obtained by permutation tests were considered significant.

Statistical analyses {#s0070}
--------------------

A generalized linear model (GLM) with a binomial distribution and Firth׳s bias-adjusted estimates was used to calculate the early infectivity of each recombinant clone. A hierarchical ANOVA was used to compare the viral accumulation of the two genetic subgroups. Both analyses were performed with JMP 10 (SAS Institute Inc., Cary, North Carolina).
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Appendix A. Supplementary materials {#s0090}
===================================

Supplementary Data: Additional file 1: **Whole-genome distribution of the polymorphic sites between the parental genomes of*****Tomato yellow leaf curl virus*****(Tyx) and*****Tomato leaf curl Mayotte virus*****(Tox).** The figure shows the SNP plotted all along the viral genome. Additional file 2: **Nucleotide composition of the 47 recombinant genomes and their parental viruses*****Tomato yellow leaf curl virus*****(Tyx) and*****Tomato leaf curl Mayotte virus*****(Tox) at the polymorphic sites between nucleotide positions 2223 and 2761.** The table lists the nucleotide derived from Tyx and Tox parental clones for each SNP and recombinant clone. Additional file 3: **LOD score distribution for mean viral accumulation on the whole viral genome using (a) Simple Interval Mapping, (b) Single-trait multiple MLE and (c) Single-trait Multiple Interval Mapping methods.** The figure shows the LOD score distribution of the three QTL mapping methods not presented in the article. Additional file 4: **LOD score threshold significance level for four QTL detection methods**. The table lists the LOD score threshold values for each QTL methods. Additional file 5: **Quantitative trait loci for viral DNA accumulation among 47 recombinants generated with TYLCV-Mld and ToLCKMV-\[Dem\].** The tables list the LOD score and R^2^ values for each nucleotide position and QTL method using the average of viral accumulation. Additional file 6: **Quantitative trait loci for early infectivity among 47 recombinants generated with TYLCV-Mld and ToLCKMV-\[Dem\].** The figure shows the distribution of the early infectivity at 15 dpi (a), its correlation with viral accumulation at 22 dpi (b), the LOD score distribution (c), and a table lists the LOD score and R^2^ values for each nucleotide position using the SMR QTL mapping method (d). Additional file 7: **Detection of sequence motifs in TYLCV-Mld and ToLCKMV-\[Dem\] genomes, which were reported to be conserved within begomoviruses and shown to be involved in viral DNA replication.** The tables list the motifs identified in the intergenic region (a) and the *Rep* protein sequence (b) of Tyx and Tox. Additional file 8: **Multiple sequence alignment between the two parental begomoviruses and their recombinant clones implemented in Clustal w 2.0**. The document shows the nucleotide sequence of all recombinants used for the QTL and *F*~ST~ analysis. Additional file 9: **Abbreviations and codes used in the*****F***~**ST**~**analysis for the 21 amino acids and for deletion.** The table lists the code of each amino acid used for *F*~ST~ analysis. Additional file 10: **Frequency of parental Tyx and Tox alleles (A, T, C, G, deletion) within the 47 recombinant genomes at each polymorphic locus (nucleotide position).** The table lists the frequency of each parental allele for each SNP relatively to the two parental clones.
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Supplementary data associated with this article can be found in the online version at [doi:10.1016/j.virol.2015.06.019](http://dx.doi.org/10.1016/j.virol.2015.06.019){#ir0015}.

[^1]: The *R*² values correspond to the proportion of phenotypic variation explained by the QTL marker with a significance thresholds based on 5000 permutations at *P*=0.01. Bold numbers correspond to genetic regions which overlap with the loci for which an *F*~ST~ index of 1 was detected between recombinants genomes of low and high viral accumulation groups (positions 2223--2761). Position 1 corresponds to the origin of replication.
